Ischemia-reperfusion injury (IRI) and oxidative stress still limit the survival of cells and organs in xenotransplantation models. Ectonucleotidases play an important role in inflammation and IRI in transplantation settings.
Introduction
Purinergic signaling plays an important role in conditions of inflammation and ischemia reperfusion injury (IRI) that occur in transplantation settings [1, 2] . Extracellular ATP and ADP accumulate in the sites of injury leading to pro-inflammatory and pro-thrombotic responses by signaling through P2 receptors (P2X and P2Y) on vascular and immune cells [1] . The extracellular levels of adenine nucleotides are mainly modulated by ectonucleotidases: ecto nucleoside triphosphate diphosphohydrolase 1 (ENTPD1, also known as CD39) converts ATP and ADP to AMP [3] ; AMP is further dephosphorylated to adenosine by ecto-5'-nucleotidase (E5NT, also known as CD73) [3] . Extracellular adenosine exerts anti-inflammatory and anti-thrombotic effects by means of P1 receptors (A1, A2A, A2B, A3) signaling [1] .
During the ischemia-reperfusion phenomenon occurring in allo-and xenotransplantation, there is a concomitant increasing production of reactive oxygen species (ROS) that cause injury via several mechanisms [4] . If not adequately scavenged, ROS can directly injure cells through membrane lipid peroxidation, enzymatic function impairment and DNA damage, eventually leading to cell death [5] . ROS can also induce upregulation of leukocyte adhesion molecules, pro-inflammatory cytokines and chemokines in vascular endothelium and pancreatic islets [6, 7] . That leads to increased leukocyte recruitment to the site of injury and subsequent immune cells activation, therefore exacerbation of inflammation and oxidative stress [4] . Leukocyte-derived free radicals contribute to injury, rejection and dysfunction of xenotransplanted heart and liver [8, 9] .
It has been reported that oxidative stress significantly impairs the activity of ectonucleotidases with the consequent loss of their protective functions. For instance, ROS inhibit the ectonucleotidase activity of ENTPD1 leading to loss of platelet inhibitory properties [10] . Moreover, histopathologic analyses have revealed the loss of ENTPD1 expression in the vasculature of rejected cardiac xenografts [11] . Similarly, E5NT activity in porcine hearts or endothelial cells decreases following exposure to human blood [12] . Therefore, the loss of ectonucleotidases activity along with the consequent impaired extracellular adenine nucleotide metabolism may critically contribute to the coagulation dysregulation and exacerbated inflammation observed in xenotransplanted organs. Moreover, it has been reported that porcine endothelial cells show much lower activity of ectonucleotidases as compared to human [13, 14] . Additionally, such altered extracellular nucleotide metabolism may constitute a feedback mechanism of increased ROS production because of the ATP-induced oxidative stress response in leukocytes [15] . Several evidences showed the protective effects exerted by ENTPD1 and E5NT against IRI in allo-and xenotransplantation models. It has been reported that the transgenic overexpression of ENTPD1 protects against renal, hepatic and cardiac ischemia-reperfusion and transplant vascular injury [16] [17] [18] [19] . E5NT protects against renal, cardiac and intestinal ischemic damage via adenosine production [20] [21] [22] . Moreover, the overexpression of human E5NT in porcine endothelial cells inhibits Natural Killer-mediated cytotoxicity via adenosine production [13] .
Given the reported protective effects of ENTPD1 and E5NT, we aimed to overexpress both genes by using the F2A technology [23] [24] [25] and to inquire into their combined action in a condition of ROS production, mimicking what happens in xenografted tissues during IRI. We already showed the feasibility of the F2A-mediated co-expression of ENTPD1 and E5NT in terms of their synergic enzymatic activities [26] and here, we investigated the protective role of ENTPD1/E5NT combination against oxidative stress. This study demonstrated, for the first time, the protection, mediated by activation of Akt, extracellular signal-regulated kinases 1/2 (ERK1/2) and p38 Mitogen-Activated Protein Kinase (MAPK) against H 2 O 2 -induced apoptosis and cytotoxicity along with an increased catalase-mediated H 2 O 2 scavenging activity and decreased production of ROS in endothelial cells simultaneously overexpressing ENTPD1 and E5NT.
Materials and methods

Reagents and antibodies
Restriction enzymes (New England Biolabs) were purchased from Euroclone, hydrogen peroxide (H 2 O 2 ) and oligonucleotides (listed in Supplementary Table 1) were purchased from Sigma Aldrich. The following antibodies were used in FACS experiments: phycoerythrin (PE)-conjugated anti-human E5NT ([AD2], mouse monoclonal, BD Pharmigen, 10 μl per 5×10 5 cells in a 100 μl staining volume); Alexa Fluor 647-conjugated anti-human ENTPD1 ([A1], mouse monoclonal, Life Technologies, 25 µg/ml per 5×10 5 cells in a 100 μl staining volume). The following primary antibodies were used in immunoblotting experiments: anti-human E5NT ([EPR6115], rabbit monoclonal, LifeSpan BioSciences, 1:500); anti-human ENTPD1 ([HPA014067], rabbit polyclonal, Sigma-Aldrich, 1:250); anti-beta-actin ([AC- 15] , mouse monoclonal, Sigma-Aldrich, 1:5000); anti-Akt (rabbit polyclonal, Cell Signaling Technology [#9272], 1:1000); anti-phosphoSer473-Akt (rabbit polyclonal, Cell Signaling Technology [#9271], 1:1000); anti-p44/p42 ERK1/2 ( 
Dicistronic plasmid construction
The F2A sequence was obtained as previously described [27] and ligated by directional cloning into BamHI/XhoI-digested pcDNA3.1+(Invitrogen) to produce the pcDNA3.1-F2A plasmid. hE5NT (NCBI: NM_002526.3) and hENTPD1 (NCBI: NM_001776.5) coding sequence (CDS) were sequentially cloned into the pcDNA3.1-F2A plasmid, as detailed in Supplementary Material. Briefly, with two rounds of recombinant PCR, hE5NT CDS was amplified without the stop codon and ligated upstream the F2A sequence into the pcDNA3.1-F2A plasmid. hENTPD1 CDS was PCR-amplified and ligated downstream the F2A into the pcDNA3.1-hE5NT-F2A plasmid. The dicistronic cassette hE5NT-F2A-hENTPD1 was excised by EcoRI digestion and ligated in EcoRI-linearized pCX-C1 [28] plasmid acceptor obtaining pCX-hE5NT-F2A-hENTPD1, which was named pCX-DI-2A.
pCX-hE5NT, pCX-hENTPD1 and pCX-empty plasmids, used as controls were obtained as previously described [29] . All the intermediate and final constructs were verified by restriction digestion analysis and by sequencing analyses performed on both strands using the BigDye Terminator Cycle Sequencing kit v1.1 and an automated ABI-3130 DNA sequencer (Applied Biosystems, Foster City, CA).
Cell culture, transfection, sorting and treatments
Porcine iliac artery endothelial cells (PIEC) were cultured in RPMI 1640 medium (EuroClone) supplemented with 10% FBS (Life Technologies) and 1x Penicillin-Streptomycin (EuroClone) at 37°C and 5% CO 2 . Cells were detached by using 1x trypisin/EDTA (EuroClone) when at 80-90% of confluence. PIEC cells were transfected using 10 μl of Lipofectamine 2000 (Invitrogen) with 4 μg of pCX-DI-2A, pCX-hE5NT, pCX-hENTPD1 or pCX-empty plasmid following manufacturer's protocol. Transfected cells were selected by Neomycin (400 μg/ ml, Sigma Aldrich) treatment for 2 weeks before being enriched by cell sorting.
For cell sorting experiments, transfected cells were detached by trypsin/EDTA and washed with FACS buffer (3% FBS and 0.01% NaN 3 in PBS, EuroClone). 5*10 5 cells were then incubated for 30 min at 4°C in the dark with anti-human E5NT ([AD2], PE-conjugated) for pCX-hE5NT-transfected cells, or anti-human ENTPD1 ([A1], Alexa Fluor 647-conjugated) for pCX-hENTPD1-transfected cells or both antibodies for pCX-DI-2A-transfected cells. The excess and non-specifically bound antibodies were removed by washing with FACS buffer. Sorting was performed by using a FACSAria flow cytometer (Becton Dickinson). Post sorting FACS analysis was performed to check the purity of enriched cells. Isotype-matched control antibody staining did not reveal any signals. Mock-transfected cells were used as negative control of human E5NT and ENTPD1 staining (data not shown).
Apoptosis cell death was assessed on PIEC transfected cell lines after treatment with 100 µM H 2 O 2 for 4, 6 and 8 h or after treatment with 10 ng/ml human TNF-α (Sigma Aldrich) for 8, 16 and 24 h. Immunoblotting analysis and cytotoxicity assay in response to hydrogen peroxide were performed on cells treated with 400 µM H 2 O 2 for 2, 4 and 6 h,. ROS generation was measured after 30, 60 and 90 min of 100 µM and 400 µM H 2 O 2 exposure, while the GSH/GSSG ratio was measured after 30, 60 and 90 min of 400 µM H 2 O 2 exposure. Catalase (CAT) and Glutathione Peroxidase (GPx) enzymatic assays were performed on cells treated with 400 µM H 2 O 2 for 30 min and 2, 4 and 6 h.
Immunoblotting
Immunoblotting analyses to detect the expression of human proteins in transfected cells were performed as previously described [27, 29] . Immunoblotting analyses to evaluate the molecular response of PIEC cell lines exposed to H 2 O 2 toxic insult, were performed as follows: at the end of treatments, cells were lysed with 1X RIPA lysis buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% Triton X-100, 0.1% SDS) added with 1 mM DTT, 1 mM EDTA and EGTA, and 1.5% Protease Inhibitor Cocktail and Phosphatase Inhibitor Cocktail, and protein extracts were quantified by Bradford assay (Sigma Aldrich), following manufacturer's instructions. Protein extracts were then loaded on NuPAGE Bis-Tris precasted mini gels (Life Technologies) following manufacturer instructions. Blotting onto nitrocellulose membrane (Life Technologies) was performed using iBlot System 2 (Life Technologies). After blocking, membranes were incubated with the selected primary antibody and then with the appropriate secondary antibody: anti-mouse IgG (H+L) HRP-conjugate (Alpha Diagnostic Intl. Inc.) and ECL anti-rabbit IgG HRP linked (GE Healthcare) secondary antibodies (1:5000). Super Signal West Dura Extended duration substrate (Thermo Scientific) was added to the membranes and chemiluminescent signal was digitally acquired by GBox (Syngene). Densitometric analysis of Western blot bands was performed by using "Gel analyzer" function of ImageJ software [30] .
Immunofluorescence and confocal microscopy
pCX-DI-2A-and mock-transfected cells were seeded at 4×10 4 cells/ well in 8-well chamber slides (LabTek Chamber slides, Thermo Fisher Scientific) for 24 h. The next day, cells were washed with PBS and fixed with methanol-acetone 1:1 for 10 min at −20°C. After fixation, cells were blocked with 1% BSA for 30 min. Fixed cells were co-incubated for 1 h with either mouse anti-human E5NT or mouse anti-human ENTPD1 antibodies and plasma membrane marker Alexa Fluor 488 conjugatedwheat germ agglutinin (WGA, Thermo Fisher Scientific, 1:200). Alexa Fluor 594-conjugated anti mouse IgG (Life Technologies) was used as secondary antibody for 30 min (1:5000 in 1% BSA (w/v) PBS). Cells were then washed and counterstained with DAPI. The stained cells were mounted with mounting medium (Fluoromount; Sigma-Aldrich) and analyzed by LSM 710 confocal microscope (Zeiss). Images were acquired by ZEN 2009 software (Zeiss).
hE5NT and hENTPD1 activity assay and extracellular adenine nucleotides metabolism determination
hE5NT and hENTPD1 activity assay was performed as previously described [26, 27] . Briefly, PIEC cells were pre-incubated for 15 min in HBSS supplemented with glucose (1 mg/ml; Sigma-Aldrich) and adenosine deaminase inhibitor, erythro-9-(2-hydroxy-3-nonyl) Adenine, EHNA (5 μM; Sigma-Aldrich). Then, cells were incubated with 50 μM AMP, or ADP, or ATP (Sigma-Aldrich) and supernatant samples were collected after 0, 5, 15, 30 min.
Extracellular adenine nucleotides and their metabolites were measured in supernatant samples of PIEC cells incubated with 400 µM H 2 O 2 in HBSS supplemented with glucose (1 mg/ml) for 0, 5, 15, 30, 60 min. Samples were analyzed for nucleotide metabolite content by reversedphase high performance liquid chromatography (RP-HPLC) as previously described [31] .
Caspase 3/7 activity assay
Caspase 3/7 activity was measured by using Caspase-Glo 3/7 assay (Promega) as previously described [29] . Briefly, 10 4 PIEC cells/well were seeded in a white 96-well plate (Corning). The day after seeding, cells were treated with H 2 O 2 or human TNF-α and then, lyophilized Caspase-Glo 3/7 substrate was resuspended and added to cells according to the manufacturer's protocol. Luminescent signal was measured by using a 96 multi-well plate reader (Infinite M200; Tecan).
Cytotoxicity assay
Cytotoxicity was analyzed by using SYTOX® Green Nucleic Acid Stain (Life Technologies) following the manufacturer's instructions. Briefly, 2×10 6 PIEC cells were seeded in 100 mm Petri dish (Euroclone) and exposed to H 2 O 2 the next day. Then, 5×10 5 cells were collected, washed with 1X TBS (50 mM Tris-HCl, pH 7.4 and 150 mM NaCl) and incubated with 100 nM SYTOX® Green Nucleic Acid Stain for 20 min at 4°C in the dark. After two washes with 1× TBS, cells were resuspended in 100 μl 1× TBS and analyzed for dye incorporation by Tali® Image Cytometer (Life Technologies). Data were plotted using FlowJo Single Cell Analysis Software (http://ww.flowjo. com).
Oxidative stress measurement
For measuring ROS production, the fluorogenic probe CellROX® Orange Reagent (Life Technologies) was used. Briefly, 2×10 6 PIEC cells were seeded in 100 mm Petri dish and exposed to H 2 O 2 the next day. After one wash with PBS, cells were incubated with 100 nM CellROX® Orange Reagent (Life Technologies) for 30 min at 37°C in the dark. After two washes with PBS, 5×10 5 cells were resuspended in 100 μl PBS and analyzed for ROS production by Tali® Image Cytometer.
Alternatively, 4×10 4 PIEC cells/well were seeded in 8-well chamber slides for fluorescent in situ detection. After treatment with H 2 O 2 , cells were incubated with 100 nM CellROX® Orange Reagent Cells for 30 min in the dark. Then cells were fixed with methanol-acetone 1:1 for 10 min at −20°C, following by one wash with PBS and nuclear staining with DAPI. Stained cells were analyzed as described above.
For measuring the GSH/GSSG ratio, the GSH/GSSG-Glo assay (Promega) was used following the manufacturer instructions. This kit allows the measurement of both oxidized and total glutathione levels in order to compute the ratios of reduced to oxidized glutathione. Briefly, 10 4 PIEC cells/well were seeded in white 96-well plate and exposed to H 2 O 2 the next day. After treatment, cells were lysed with Total Gluthatione Lysis or Oxidixed Gluthatione Lysis Reagent directly in the culture plate and immediately exposed to the luciferin reaction buffer for 30 min at room temperature in the dark. Then, luciferin detection reagent was added to the lysates and luminescence was measured after 15 min of incubation by using a 96 multi-well plate reader (Infinite M200; Tecan) according to the manufacturer's protocol. Background readouts were subtracted from all measurements and standard curve was generated using Glutathione (GSH) included in the kit. Three wells per experimental group were used.
Antioxidant enzymes activity assays
CAT activity was measured by using Catalase Assay Kit (Sigma Aldrich) following the manufacturer instructions. Briefly, 2×10 6 PIEC cells were seeded in 100 mm Petri dish and exposed to H 2 O 2 the next day. Cells were collected at the indicated time points and proteins were extracted as described above. 3 μl of a 2 mg/ml dilution of each protein sample were used to start the reaction in 100 μl of reaction buffer containing 50 mM H 2 O 2 . After 5 min of incubation, an aliquot of the catalase enzymatic reaction mixture was added to the Color Reagent (150 mM potassium phosphate buffer, pH 7.0, containing 0.25 mM 4aminoantipyrine, 2 mM 3,5-dichloro-2-hydroxybenzenesulfonic acid and 0.5-0.8 U/ml peroxidase) followed by 15 min of incubation at room temperature in the dark. Absorbance at 520 nm was measured by using a 96 multi-well plate reader (Infinite M200; Tecan) according to the manufacturer's protocol. A standard curve was generated using a series of standard solution of H 2 O 2 included in the kit.
GPx activity was measured by using Glutathione peroxidase cellular activity assay kit (Sigma Aldrich) following the manufacturer instructions with some modifications. Briefly, cell treatments and protein extraction were carried out as described above for catalase assay. 40 μg of proteins were used for measuring the GPx activity in 100 μl of reaction buffer containing 0.25 mM NADPH, 2.1 mM GSH, 0.5 U/ml glutathione reductase and 300 μM t-Bu-OOH. A standard curve was generated using Glutathione peroxidase standard (Sigma Aldrich). The kinetic decrease in absorbance at 340 nm was measured by using a 96 multi-well plate reader (Infinite M200; Tecan) according to the manufacturer's protocol.
Statistical analysis
Statistical analyses were performed with SPSS v.19 software (IBM). Data are expressed as mean ± standard error of the mean (S.E.M.). Caspase 3/7, Sytox, oxidative stress measurements and activity assays were independently performed at least 3 times. One-way ANOVA followed by Tukey's post hoc was used for comparing multiple experimental groups. Data were considered statistically significant when p < 0.05.
Results
pCX-DI-2A-transfected cells simultaneously expressed human E5NT and ENTPD1
In order to investigate the protective effects of the simultaneous expression of human E5NT and ENTPD1 against oxidative stress, we engineered an F2A-based dicistronic plasmid encoding for both proteins and we used this plasmid for transfecting porcine iliac endothelial cells (PIECs).
The dicistronic plasmid was designed and produced with a similar strategy used for previously reported F2A-based constructs [27, 29] . Briefly, the hE5NT CDS was cloned without the stop codon upstream of the F2A sequence. The hENTPD1 CDS was cloned in frame downstream of the F2A sequence and the resulting dicistronic CDS was then moved in pCX-plasmid under the control of the Citomegalovirus early enhancer/chicken beta actin promoter (pCAGGS) ( Fig. 1A) .
PIECs were transfected with pCX-DI-2A plasmid and enriched for the expression of both hE5NT and hENTPD1 by cell sorting. Post-sorting FACS analysis showed a population of around 95% of cells double positive for hE5NT and hENTPD1 (Fig. 1B) . The size of the exogenously expressed hE5NT and hENTPD1 in pCX-DI-2A-transfected cells was verified by western blot analyses ( Fig. 1C-D) . Then, we checked the subcellular localization of hE5NT and hENTPD1, which both correctly co-localized with the plasma-membrane marker, wheat germ agglutinin (WGA) ( Fig. 1E-F ). Single-gene expressing vectors [29] were used for transfection of PIECs as control of the effects derived by the separate expression of hE5NT and hENTPD1. After cell sorting, the purity of cells positive for either hE5NT or hENTPD1 was up to 95% ( Supplementary  Fig. 1 ).
Taken together, these findings demonstrated that pCX-DI-2A plasmid mediates the simultaneous expression and the correct processing of human E5NT and ENTPD1 in porcine endothelial cells.
Synergic enzymatic activity of hE5NT and hENTPD1 in pCX-DI-2Atransfected cells
With the aim to evaluate the enzymatic activity of the simultaneously expressed hE5NT and hENTPD1, we incubated pCX-DI-2Atransfected and control cell lines with ATP, ADP or AMP and we measured the extracellular nucleotide metabolism over time by HPLC ( Fig. 2) .
Following ATP incubation, ADP production was similar between pCX-DI-2A-and pCX-hENTPD1-transfected cells but significantly higher as compared to pCX-hE5NT-and mock-transfected cells at early time points (5 min, p < 0.05, and 15 min, p < 0.05; Fig. 2A ). pCX-hENTPD1transfected cells showed an almost total conversion of ATP to AMP after 30 min of incubation (44.4 ± 5 nmol/ml) whereas the extracellular AMP produced by pCX-DI-2A-transfected cells increased up to 15.3 ± 3.3 nmol/ml after 15 min of incubation ( Fig. 2B ). Nevertheless, pCX-DI-2A-and pCX-hENTPD1-transfected cells showed a similar rate of ATP degradation (Supplementary Fig. 2A ). No AMP production was revealed in pCX-hE5NT-and mock-transfected cells during the time of incubation suggesting a very low endogenous ATPase activity ( Fig. 2B) . A significant production of adenosine (up to 28.3 ± 2.5 nmol/ml following 30 min of incubation) was observed only in pCX-DI-2Atransfected cells suggesting the synergic hE5NT-mediated catabolism of the AMP produced by hENTPD1 ( Fig. 2C ).
Following ADP incubation, pCX-hENTPD1-transfected cells showed again the highest production of AMP (44.7 ± 1.8 nmol/ml after 30 min; Fig. 2D ), but we did not reveal the simultaneous catabolism of AMP to adenosine in this cell line ( Fig. 2E ). Despite a similar ADP degradation rate in pCX-DI-2A-and pCX-hENTPD1-transfected cells ( Supplementary  Fig. 2B ), pCX-DI-2A-transfected cells showed a lower accumulation of extracellular AMP as compared to pCX-hENTPD1-transfected cells (14.6 ± 1.5 nmol/ml after 30 min, p < 0.05). In pCX-DI-2A-transfected cells, AMP was indeed simultaneously converted to adenosine by hE5NT over the time of incubation ( Fig. 2E ). Interestingly, we observed a slight production of AMP and adenosine also by pCX-hE5NTtransfected cells ( Fig. 2D -E).
Following AMP incubation, the production of adenosine was detected only in pCX-DI-2A-and pCX-hE5NT-transfected cells ( Fig. 2F ). Consistently, the AMP degradation rate was similar in pCX-DI-2A-and pCX-hE5NT-transfected cells and almost absent in pCX-hENTPD1-and mock-transfected cells ( Supplementary Fig. 2C ).
All together, these data showed that pCX-DI-2A-transfected cells not only efficiently catabolize the extracellular adenine nucleotides but also enhance the production of adenosine.
The combined expression of hE5NT and hENTPD1 proteins reduced caspase activation induced by pro-apoptotic stimuli in pCX-DI-2Atransfected cells
It has been reported that the inhibition of apoptosis can reduce the IRI [32, 33] . Since during IRI, E5NT and ENTPD1 reduce free radicals [34] and exert anti-apoptotic effects [19] , respectively, we investigated the potential protective role of their combination against H 2 O 2 -induced apoptosis by caspase 3/7 activity assay ( Fig. 3 ). pCX-DI-2A-transfected cells did not show increase of caspase 3/7 activity over time (1.08 ± 0.001, 1.02 ± 0.003 and 1.02 ± 0.07 after 4, 6 and 8 h of exposure to H 2 O 2 , respectively), contrarily to what observed in the other PIEC cell lines ( Fig. 3) . Moreover, pCX-DI-2A-transfected cells showed a significant lower level of caspases activation after 6 and 8 h of treatment (1.02 ± 0.003 and 1.02 ± 0.07) as compared to both pCX-hENTPD1-(2.17 ± 0.23 and 2.17 ± 0.19; p < 0.05) and mock-transfected cells (2.17 ± 0.43 and 2.3 ± 0.35; p < 0.05). pCX-hE5NT-trans-fected cells showed only a trend of lower caspase 3/7 activity as compared to mock-transfected cells at 6 and 8 h of H 2 O 2 treatment (1.73 ± 0.09 and 1.79 ± 0.34; Fig. 3 ).
To investigate whether hE5NT/hENTPD1 combination could afford protection also against other pro-inflammatory stimuli relevant in IRI, we incubated PIEC cells with 10 ng/ml human TNF-α. We observed that pCX-DI-2A-transfected cells were significantly protected against human TNF-α-induced apoptosis at 8, 16 and 24 h of exposure as compared to mock-transfected cells ( Supplementary Fig. 3 ). Moreover, pCX-DI-2Atransfected cells showed better protection as compared to pCX-hE5NTtransfected cells at 16 and 24 h but not as compared to pCX-hENTPD1transfected cells ( Supplementary Fig. 3B-C) .
These data suggest that the simultaneous expression of the two exogenous proteins better protected endothelial cells by inhibiting 
Cytoprotection mediated by the combination hE5NT/hENTPD1 in pCX-DI-2A-transfected cells
Since during IRI, abundant ROS production and release can lead to cell toxicity and death [33] , we investigated if the combined expression of hE5NT and hENTPD1 in pCX-DI-2A-transfected cells would confer protection against oxidative injury mediated by H 2 O 2 . To this extent, controls and transfected PIEC cells were exposed to 400 µM of H 2 O 2 for 2, 4 and 6 h and the cytotoxicity was measured by Sytox incorporation assay (Fig. 4 ).
The percentage of dead cells was notably lower in pCX-DI-2Atransfected cells than in mock-transfected cells at 2, 4 and 6 h of treatment (9 ± 1.73% vs. 31 ± 1%, p < 0.05, Fig. 4D ; 15.5 ± 0.5% vs. 51 ± 2%, p < 0.05, Fig. 4E ; 23 ± 0.58% vs. 62.5 ± 4.5%, p < 0.05, Fig. 4F ). After 2 h of treatment, the level of cytotoxicity in pCX-hENTPD1-transfected cells (6.33 ± 3.84%) was significantly lower than in mock-transfected cells (p < 0.05, Fig. 4D ), however it underwent a strong increase after 4 and 6 h of H 2 O 2 exposure (85 ± 1%, p < 0.05, Fig. 4E ; 85.5 ± 5.5%, p < 0.05, Fig. 4F ). pCX-hE5NT-transfected cells did not show a strong increase in percentage of dead cells after 2 and 4 h of treatment (20.67 ± 6.44%, Fig. 4D ; 30 ± 5%, Fig. 4E ) but this percentage was doubled after 6 h (42 ± 2.83%, Fig. 4F ) as compared to the earliest time point. However, the cytotoxicity in pCX-hE5NTtransfected cells was significantly lower as compared to mock-transfected cells after both 4 and 6 h of H 2 O 2 exposure (p < 0.05, Fig. 4E and F). Interestingly, at the latest time point, the percentage of dead cells in pCX-DI-2A-transfected cells (23 ± 0.58%) was significantly decreased as compared to both pCX-hE5NT-and pCX-hENTPD1-transfected cells (42 ± 2.83% and 85.5 ± 5.5% respectively, p < 0.05, Fig. 4F ).
All together, these findings highlighted that the simultaneous expression of hE5NT and hENTPD1 had a protective effect against H 2 O 2 -induced cytotoxicity and that this action was more effective than the separate expression of each ectonucleotidase. To investigate the activity of the overexpressed ectonucleotidases during oxidative injury, we incubated PIEC cells with H 2 O 2 and we measured the metabolism of pro-inflammatory adenine nucleotides and the production of adenosine.
Under basal conditions, we observed accumulation of extracellular ATP, ADP and AMP in mock-transfected cells (Fig. 5A, C, E) . pCX-hENTPD1-transfected cells showed also accumulation of AMP (Fig. 5E ). We detected a slight production of adenosine in pCX-hE5NT-and pCX- DI-2A-transfected cells, but not significantly different from mock-and pCX-hENTPD1-transfected cells (Fig. 5G) .
During H 2 O 2 treatment, pCX-DI-2A-transfected cells showed efficient removal of extracellular ATP (Fig. 5B ) and ADP (Fig. 5D ), similarly to pCX-hENTPD1-transfected cells. On the contrary, we observed accumulation of ATP in medium from mock-and pCX-hE5NT-transfected cells (Fig. 5B ). Mock-transfected cells also showed accumulation of ADP (Fig. 5D ). These data suggest very low endogenous ATPase and ADPase activity in PIEC cells that did not overexpress human ENTPD1.
Extracellular AMP accumulated in medium from mock-and pCX-hENTPD1-transfected cells whereas it was not detectable in medium from pCX-DI-2A-and pCX-hE5NT-transfected cells (Fig. 5F ), suggesting an efficient hE5NT-mediated AMP removal in these latter cell lines.
Interestingly, we observed significantly higher production of extracellular adenosine in medium from pCX-DI-2A-transfected cells (0.15 ± 0.05 µmol/l after 60 min of incubation; Fig. 5H ) as compared to mock-and pCX-hENTPD1-transfected cells. pCX-hE5NT-transfected cells showed the highest production of adenosine.
Taken together, these data suggest that in conditions of H 2 O 2induced oxidative stress and cytotoxicity, pCX-DI-2A-transfected cells showed the efficient hENTPD1-mediated removal of pro-inflammatory and pro-thrombotic adenine nucleotides along with the simultaneous hE5NT-mediated production of anti-inflammatory and protective adenosine.
The combined expression of hE5NT and hENTPD1 reduced H 2 O 2induced ROS formation in pCX-DI-2A-transfected cells
Having demonstrated that pCX-DI-2A-transfected showed an increased conversion of pro-inflammatory nucleotides to adenosine even in presence of H 2 O 2 and, at the same time, were protected against H 2 O 2 -mediated cell toxicity, we further investigated whether this effect was due to a lower ROS production within the cells. Cells were exposed to 100 µM H 2 O 2 and cellular ROS were detected in situ by CellROX® Orange Reagent ( Supplementary Fig. 4 ). Only mock-transfected cells showed a well-defined staining already after 30 min of treatment ( Supplementary Fig. 4A ), whereas a marked signal was observed in both single gene-transfected cell lines only after 60 and 90 min of incubation ( Supplementary Fig. 4B and C) . pCX-DI-2A-transfected showed less stained cells with slight intensity as compared to all the other cell lines at every time points ( Supplementary Fig. 4 ).
Then, we assessed ROS generation following treatment with a cytotoxic concentration of H 2 O 2 (400 µM). pCX-DI-2A-transfected cells were still protected from ROS formation as shown by the fewer and less stained cells as compared to all the other cell lines after 90 min of incubation ( Fig. 6 ). As expected, the generation of ROS was lower in all the PIEC cell lines after 30 and 60 min exposure to H 2 O 2 ( Supplementary Fig. 5A and B ) as compared to 90 min of treatment ( Fig. 6) and an increase in signal intensity was observed over time, prompting a progressive formation of ROS within cells.
In order to accurately quantify the production of ROS into the cells, PIEC cell lines were treated for 30, 60 or 90 min with 400 µM of H 2 O 2 and the CellROX® Orange Reagent-positive cells were measured by Tali® Image Cytometer. As shown in Fig. 7 , ROS formation was other cell lines (p < 0.05, Fig. 7B and C) .
Additionally, we measured the GSH/GSSG ratio in PIEC cells as an indicator of oxidative stress following exposure to H 2 O 2 ( Supplementary Fig. 6 ). However, we did not observe differences in the GSH/GSSG ratio modulation between the cell lines at every time points of treatment. (Supplementary Fig. 6 ).
Taken together, these data showed the involvement of hE5NT and hENTPD1 in the process of H 2 O 2 -induced cellular ROS generation, and suggest that their combined action protects pCX-DI-2A-transfected cells against the toxic formation of ROS.
pCX-DI-2A-transfected cells showed enhanced H 2 O 2 scavenging activity mediated by catalase
In order to unravel the hE5NT/hENTPD1-mediated activation of downstream pathways accounting for the protection against H 2 O 2 -induced toxicity and ROS generation, we first focused our attention on H 2 O 2 metabolism. Cellular antioxidant systems, such as CAT and GPx, protect cells from H 2 O 2 -induced oxidative stress. Therefore, we evaluated the enzymatic activity of CAT and GPx in PIEC cell lines treated with 400 µM H 2 O 2 for 30, 120, 240 and 360 min ( Fig. 8 and Supplementary Fig. 7) .
As shown in Fig. 8 , CAT activity was two fold higher in pCX-DI-2A- Fig. 8 ).
Interestingly, pCX-DI-2A-transfected cells showed also a significantly higher CAT activity than pCX-hE5NT-transfected cells (69.1 ± 17.6 U/ml/µg for untreated cells; 61.3 ± 2.4 U/ml/µg at 30 min; 69.1 ± 4.1 U/ml/µg at 120 min; 84.1 ± 8.2 U/ml/µg at 240 min; 60.5 ± 5.3 U/ml/µg at 360 min; p < 0.05; Fig. 8 ) and pCX-hENTPD1-transfected cells (49.4 ± 12.6 U/ml/µg for untreated cells; 52.0 ± 1.6 U/ml/µg at 30 min; 46.5 ± 2.6 U/ml/µg at 120 min; 43.1 ± 4.3 U/ml/µg at 240 min; 3.6 ± 1.0 U/ml/µg at 360 min; p < 0.05; Fig. 8 ). Moreover, pCX-hE5NT-transfected cells showed a greater CAT activity than both mock-and pCX-hENTPD1-transfected cells after 240 and 360 min of exposure to H 2 O 2 (84.1 ± 8.2 U/ml/µg vs 29.6 ± 2.5 U/ml/µg and 60.5 ± 5.3 U/ml/µg vs. 2.5 ± 0.3 U/ml/µg, respectively, p < 0.05; Fig. 8 ). No relevant differences were observed between mock-and pCX-hENTPD1-transfected cells at every condition tested ( Fig. 8) .
Then, we measured the enzymatic activity of GPx in PIEC cells treated with H 2 O 2. However, we did not detect relevant activity at every condition tested and no differences between all the cell lines ( Supplementary Fig. 7) .
Overall, these findings indicated that the protective effect mediated by the combined overexpression of hE5NT and hENTPD1 against H 2 O 2induced oxidative stress may be due to a high catalase activity, which remained constant over time.
Overexpression of hE5NT and hENTPD1 modulated MAPKs molecular pathway in cells exposed to H 2 O 2 -induced oxidative injury
Given the role of MAPKs in the regulation of cell proliferation, survival and metabolism in response to H 2 O 2 injury, we evaluated the modulation of MAPKs in cells overexpressing hE5NT and hENTPD1. To this extent, the expression of total and phosphorylated Akt, ERK1/2, p38 proteins was assessed by western blot analyses on PIEC cell lines treated with 400 µM H 2 O 2 for 2, 4 and 6 h ( Fig. 9 ).
Phosphorylated Akt (p-Akt) showed a remarkable induction in pCX-DI-2A-transfected cells as compared to mock-transfected cells (CTRL) at 2, 4 and 6 h of treatment (1.99 ± 0.47 vs. 0.84 ± 0.14, p < 0.05;
2.03 ± 0.14 vs. 0.89 ± 0.15, p < 0.05; 1.65 ± 0.40 vs. 0.43 ± 0.03, p < 0.05), suggesting a higher amount of activated Akt in these cells ( Fig. 9A and D) . Furthermore, after 2 and 4 h of H 2 O 2 exposure, the p-Akt expression level was also significantly greater as compared to both pCX-hE5NT-(0.73 ± 0.004, p < 0.05; 0.71 ± 0.14, p < 0.05) and pCX-hENTPD1-transfected cells (0.80 ± 0.07, p < 0.05; 0.78 ± 0.09, p < 0.05, Fig. 9A and D) . No significant differences in total protein expression levels were observed in each cell line over time.
Phosphorylated ERK1/2 (p-ERK1/2) showed a significant decrease in H 2 O 2 treated mock-transfected cells (CTRL) as compared to untreated cells (UT, Fig. 9B p < 0.05) ; p-ERK1/2 expression levels in mock-transfected cells were significantly lower than those of all other PIEC cell lines in each condition tested ( Fig. 9B and E, p < 0.05) . After 2, 4 and 6 h of H 2 O 2 treatment, a great induction of p-ERK1/2 was observed in pCX-hE5NT-(1.58 ± 0.007; 2.01 ± 0.17; 2.43 ± 0.13) and in pCX-hENTPD1-transfected cells (1.35 ± 0.06; 1.51 ± 0.03; 1.86 ± 0.24). Moreover, levels of p-ERK1/2 increased over time in both the single gene-transfected cell lines ( Fig. 9B and E, p < 0.05) . On the other hand, a weaker induction of ERK1/2 phosphorylation was noticed in pCX-DI-2A-transfected cells after 2 and 4 h of H 2 O 2 exposure (0.94 ± 0.06 and 0.91 ± 0.08, p < 0.05) as compared to both pCX-hE5NT-and pCX-hENTPD1-transfected cells ( Fig. 9B and E) . Total ERK1/2 protein amount was not different among the cell lines at each time point or between treated and untreated cells in each cell line (Fig. 9B ).
Phosphorylated form of p38 MAPK (p-p38) was almost totally abolished in H 2 O 2 -treated mock-transfected cells as compared to the untreated cells (p < 0.05). Conversely, p-p38 expression levels underwent a significant increase in pCX-DI-2A-transfected cells as compared to mock-transfected cells after 2, 4 and 6 h of H 2 O 2 treatment (1.23 ± 0.15 vs. 0.43 ± 0.07, p < 0.05; 1.21 ± 0.08 vs. 0.50 ± 0.02, p < 0.05; 1.90 ± 0.14 vs. 0.39 ± 0.09, p < 0.05; Fig. 9F ). Furthermore, after 6 h of H 2 O 2 -exposure pCX-DI-2A-transfected cells showed a significant increase of p-p38 expression level as compared to both pCX-hE5NT-and pCX-hENTPD1-transfected cells (0.57 ± 0.13, p < 0.05; 0.80 ± 0.08, p < 0.05; respectively). Considering the change in p-p38 levels over time, pCX-DI-2A-transfected cells showed a significant increase by comparing 6 h and 2 h of H 2 O 2 treatment (Fig. 9F, p < 0.05) . On the other hand, p38 phosphorylation did not show relevant changes in pCX-hE5NT-and pCX-hENTPD1-transfected cells over time (0.90 ± 0.10, 1.21 ± 0.24, 0.57 ± 0.13 and 0.96 ± 0.09, 0.84 ± 0.02, 0.80 ± 0.08 respectively, Fig. 9F ). Total p38 protein did not show any changes of expression level in each condition tested, as expected ( Fig. 9C) .
Overall, these data showed that the MAPKs signaling pathway was induced in response to H 2 O 2 in PIEC cells overexpressing at least one of the two human genes (ERK1/2 and p38) or both hE5NT and hENTPD1 (Akt), promoting beneficial effects that could counteract oxidative stress injury.
Discussion
Xenotransplantation may solve the problem of shortage of organs available for allotransplantation [35] . Despite great advances in preventing the immediate mechanisms of xenorejection [36] , there are remaining immune and inflammatory barriers that still need to be overcome, such as IRI, oxidative stress and hyper-activation of coagulation [9, 37, 38] . Therefore, multiple additional genetic modifications are required in pig donors in order to achieve a broader protection of xenografts.
E5NT and ENTPD1 are ectonucleotidases that regulate the extracellular concentration and signaling of adenine nucleotides and adenosine [3] . Several reports showed the anti-thrombotic and anti-inflammatory effects of ENTPD1, mainly by catabolizing ATP and ADP [39, 40] . On the other hand, E5NT has been demonstrated to exert anti-inflammatory and cytoprotective action through its reaction product, adenosine [39] .
We report here the effects of the simultaneous expression of hE5NT and hENTPD1 ( Fig. 1 ) in porcine endothelial cells exposed to oxidative stress. We used the F2A technology to link in frame the coding sequences of human E5NT and ENTPD1 (pCX-DI-2A, Fig. 1A) because of the well-documented equal expression of genes provided by the F2A sequence [23] . As expected, we observed that pCX-DI-2A-transfected cells showed a simultaneous and comparable expression of both hE5NT and hENTPD1 proteins ( Fig. 1B-D) that were also correctly localized into plasma membrane (Fig. 1E-F) .
Furthermore, the hE5NT/hENTPD1 co-expression system resulted in the synergic enzymatic activities of hE5NT and hENTPD1. That meant the simultaneous degradation of pro-inflammatory and pro-thrombotic extracellular ATP and ADP along with the enhanced production of antiinflammatory and immunosuppressive adenosine ( Fig. 2 and Supplementary Fig. 2 ). Following incubation with ATP or ADP, only pCX-DI-2A-transfected cells showed a significant production of adenosine (Fig. 2C, E) . On the contrary, pCX-hENTPD1-transfected cells showed the highest accumulation of AMP, yet without a detectable production of adenosine ( Fig. 2B-E) . The lower accumulation of AMP in pCX-DI-2A-transfected cells was associated with the observed production of adenosine ( Fig. 2B-E) , as a result of the coordinated activity of hE5NT in catabolizing the hENTPD1-product AMP in adenosine. Following incubation with AMP, pCX-DI-2A-transfected cells showed a significant production of adenosine similarly to pCX-hE5NT-transfected cells (Fig. 2F) . Moreover, as we previously reported, we observed that mock-transfected cells showed very low endogenous enzymatic activity of both ectonucleotidases [13, 14] . Taken together, these findings showed that pCX-DI-2A plasmid allows the efficient coexpression, correct subcellular localization and enzymatic activity of hE5NT and hENTPD1 in porcine endothelial cells.
Reactive oxygen species, such as hydroxyl radicals and superoxide anion (O 2
• − ) rapidly converted to hydrogen peroxide (H 2 O 2 ) by superoxide dismutase (SOD), are generated during normal metabolic processes [41, 42] , and play crucial roles in cellular signaling cascades [43] . Since an imbalance between ROS production and antioxidant defense mechanisms (such as in case of IRI) induces oxidative stress and exacerbation of inflammation [33, [44] [45] [46] , we evaluated whether the co-expression of hE5NT and hENTPD1 could protect endothelial cells in a model of H 2 O 2 -induced oxidative stress and cytotoxicity. A low concentration of ROS induces apoptotic cell death if not adequately scavenged [47] . In particular, H 2 O 2 -treatment results in the formation of mitochondrial permeability transition pores, a rapid decrease of the mitochondrial transmembrane potential and the release of cytochrome c, which leads in turn to the activation of effector caspase 3, therefore apoptosis [48] . The combined expression of the two ectonucleotidases, hE5NT and hENTPD1, protected pCX-DI-2A-transfected cells against H 2 O 2 -induced apoptosis (Fig. 3) . Conversely, the expression of single genes did not significantly reduce caspase 3/7 activation in pCX-hE5NT and pCX-hENTPD1-transfected cells, as compared to mock-transfected cells (Fig. 3) . Interestingly, pCX-hE5NT-transfected cells showed a trend of decreased activation of caspase 3/7 following 6 and 8 h of treatment with H 2 O 2 as compared to mock-transfected cells (Fig. 3) .
On the other hand, high concentrations of H 2 O 2 induce cell death mainly by necrosis [49] . We therefore evaluated the effect of the combined expression of hE5NT and hENTPD1 against the cellular cytotoxicity induced by a higher concentration of H 2 O 2 . Cytotoxicity results from Sytox incorporation assay pointed out a protective effect against oxidative cell injury in pCX-DI-2A-and pCX-hE5NT-transfected cells, but not in cells expressing only hENTPD1, after 4 and 6 h of treatment ( Fig. 4B and E, 4C and F). Noteworthy, in pCX-DI-2Atransfected cells the beneficial effect was significantly increased as compared to both pCX-hE5NT-and pCX-hENTPD1-transfected cells ( Fig. 4B and E, 4C and F) .
Overall, in apoptosis and cytotoxicity assays, pCX-DI-2A-transfected cells showed the highest level of protection as compared to all the other cell lines, whereas pCX-hE5NT-transfected cells showed only a partial protection. These findings suggest that hE5NT is necessary but not sufficient to confer a significant protection against the H 2 O 2 -induced cytotoxicity. In the attempt to investigate whether the combined enzymatic activity of hE5NT and hENPTD1 could be responsible for the observed protection in pCX-DI-2A-transfected cells, we measured the extracellular adenine nucleotides metabolism following exposure of cells to H 2 O 2 (Fig. 5 ). It is well documented that in conditions of inflammation or stress, ATP molecules are indeed actively released by cells in the extracellular milieu, where they act as paracrine danger signals [50, 51] . The extracellular ATP is mainly modulated by the combined activities of ENTPD1 and E5NT. In our experimental settings, we observed that pCX-DI-2A-transfected cells efficiently catabolized toxic and pro-inflammatory ATP and ADP and simultaneously produced protective adenosine (Fig. 5B, D and H) . On the contrary, pCX-hE5NTtransfected cells showed the highest production of adenosine as compared to all the other cell lines (Fig. 5H ), but they also showed very low ATPase activity, leading to accumulation of ATP ( Fig. 5B ) during H 2 O 2 exposure. Nonetheless, we observed that the inhibition of adenosinergic receptors by pre-treatment with caffeine did not reverse the protective responses observed in pCX-DI-2A-transfected cells against the H 2 O 2 -mediated damage (data not shown). Therefore, despite the observed efficient combined activity of hE5NT and hENTPD1 during H 2 O 2 treatment, the adenosine receptors activation seemed not to be primarily responsible for the protection shown by pCX-DI-2A-transfected cells at least at the time points analyzed and so other protective mechanisms might be involved.
In order to elucidate these potential protective mechanisms, we then focused our attention on ROS formation. To this extent, we investigated the effects of the combination of hE5NT and hENTPD1 on the production of ROS following exposure to 100 and 400 µM H 2 O 2 . In situ analysis of PIEC cells exposed to hydrogen peroxide and stained with CellROX® Orange Reagent showed less production of ROS in pCX-DI-2A-transfected cells as compared to all the other cell lines ( Fig. 6 and Supplementary Fig. 4-5) . These data were then confirmed by the quantitative analysis of ROS production ( Fig. 7) . On the other hand, the single expression of either hE5NT or hENTPD1 conferred significant protection only at the earliest time point (30 min, Fig. 7A and Supplementary Fig. 4 and 5 ), but neither of them was sufficiently protective at longer incubation times ( Fig. 7B-C) .
Since we observed decreased ROS production in pCX-DI-2A-transfected cells following H 2 O 2 treatment (Figs. 6-7 and Supplementary  Fig. 4-5) , we then evaluated the activities of H 2 O 2 scavenging enzymes. The primary cellular enzymatic systems against hydrogen peroxide are the glutathione redox cycle and catalase [52] . Glutathione peroxidase converts H 2 O 2 to H 2 O by oxidizing GSH to GSSG in both the cytosol and mitochondria [53] . On the other hand, catalase protects cells from the toxicity of H 2 O 2 by converting it to H 2 O and O 2 and it is primarily present in the peroxisome fraction [53] . We measured the GPx activity in PIEC cells treated with H 2 O 2 ( Supplementary Fig. 7 ). We did not detect relevant GPx activity and any differences between all the cell lines at every time point of analysis ( Supplementary Fig. 7 ). In agreement with such findings, we also did not observe significant differences in the GSH/GSSG ratio among the cell lines following treatment with H 2 O 2 ( Supplementary Fig. 6 ). Despite pCX-hENTPD1transfected cells showed high basal GSH/GSSG ratio, we did not observe any further change following H 2 O 2 exposure ( Supplementary  Fig. 6 ). Further studies would be required to elucidate such behavior. Anyhow, these data suggest that the glutathione redox cycle was not primarily involved in the detoxification from H 2 O 2 in our model.
On the other hand, we measured the enzymatic activity of catalase in PIEC cells exposed to H 2 O 2 (Fig. 8) . Interestingly, we observed that pCX-DI-2A-transfected cells showed a higher catalase activity than all the other cell lines (Fig. 8 ). We also detected that pCX-hE5NTtransfected cells showed a significantly higher catalase activity than mock-and pCX-hENTPD1-transfected cells at 240 and 360 min of H 2 O 2 treatment (Fig. 8) . However, such activity was significantly lower than that one observed in pCX-DI-2A-transfected cells at each time point (Fig. 8 ).
In accordance with such findings, the higher catalase activity correlated with the decreased formation of ROS observed in pCX-DI-2A-transfected cells (Figs. 6-7 and Supplementary Fig. 4-5 ).
It has been reported that the overexpression of human catalase protects hepatocytes from H 2 O 2 -induced cytotoxicity and apoptosis [52] . Similarly, the overexpression of catalase protects beta cells from the hydrogen peroxide-and streptozocin-mediated damage [54] . In agreement with such reports, pCX-DI-2A-transfected cells showed higher activity of catalase ( Fig. 8 ) along with better protection from the H 2 O 2 -induced apoptosis and cytotoxicity ( Figs. 3-4 ) as compared to all the other cell lines. Furthermore, only the combined expression of hE5NT and hENTPD1 conferred enough and lasting protection to the cells against the oxidative cell damage. Moreover, these results suggest that the main intracellular ROS formation site would be the cytoplasm, where the catalase, which acts mainly at peroxisomes, is activated to mitigate the effects of hydrogen peroxide [53] .
We also showed that the combination of hE5NT and hENTPD1 conferred protection against TNF-α-induced apoptosis ( Supplementary  Fig. 3 ). During IRI, TNF-α is a very important mediator of the inflammatory and immune responses [55] . TNF-α is also a strong proapoptotic stimulus [56, 57] . We previously demonstrated that the combination of hE5NT and hENTPD1 along with human heme oxygenase 1 protected fibroblasts against the TNF-α-mediated apoptosis and cytotoxicity [29] . Here, we reported that pCX-DI-2A-transfected cells showed significantly less caspase 3/7 activation as compared to mockand pCX-hE5NT-transfected cells following TNF-α exposure ( Supplementary Fig. 3 ). Interestingly, we did not observe different caspase 3/7 activation between pCX-DI-2A-and pCX-hENTPD1-transfected cells, suggesting that the protection observed in pCX-DI-2Atransfected cells was mainly mediated by ENTPD1. Taken together, these data indicate that the combination of the two human ectonucleotidases might protect against multiple pro-apoptotic and oxidant effectors, which play a key role in the context of IRI.
We then aimed to investigate the molecular pathways of protection in pCX-DI-2A-transfected cells following exposure to H 2 O 2 . We examined the effect of the co-expression of hE5NT and hENTPD1 on the activation of Akt, ERK1/2 and p38 kinases ( Fig. 9 ), which are known to exert protective roles against the oxidative stress and IRI [58] [59] [60] . As shown in Figs. 9A and 9D, the increase of Akt phosphorylation was significant in pCX-DI-2A-transfected cells as compared to mock-transfected cells at every time points of H 2 O 2 treatment and to single genetransfected cells after 2 and 4 h. Martin et al. reported a connection between H 2 O 2 -induced cell death and down-regulation of p-Akt by mechanisms that require the generation of ROS [61] . Consistently with this, data from Cell Rox assay showed a great ROS production in mocktransfected cells treated with H 2 O 2 and in pCX-hE5NT-and pCX-hENTPD1-transfected cells at late time points of treatment (Figs. 6 and 7). The same cell lines underwent caspase 3/7 activation and cell death after 6 h of H 2 O 2 exposure (Fig. 3 ). This effect may be due to the abundant formation of ROS, which may be involved in the downregulation of p-Akt, hence higher levels of apoptosis. On the other hand, pCX-DI-2A-transfected cells showed significantly enhanced enzymatic activity of catalase ( Fig. 8) , which could efficiently counteract ROS generation (Figs. 6, 7 and Supplementary Fig. 4 and 5) as well as p-Akt down-regulation, thus resulting in the observed protection against apoptosis ( Fig. 3) and cytotoxicity (Fig. 4) .
A significant increase of phosphorylated ERK1/2 proteins was observed in pCX-E5NT-, pCX-hENTPD1-and pCX-DI-2A-transfected cells at every time point of H 2 O 2 treatment as compared to mocktransfected cells (Figs. 9B and E). However, pERK1/2 expression level was significantly lower in pCX-DI-2A-transfected cells than in pCX-E5NT-and pCX-hENTPD1-transfected cells after 2 and 4 h of H 2 O 2 exposure (Fig. 9E ). Recently, it has been shown that H 2 O 2 exerts its effect by acting on phosphorylation-dependent activation of ERK1/2 MAP kinases, without affecting its total expression [62] [63] [64] . Moreover, although ERK1/2 activity is generally associated with cell survival, a growing body of evidence suggests that it also mediates apoptosis cell death depending on the stimulus, the cell type and the subcellular localization. For instance, Song and colleagues showed that a sustained ERK1/2 activation causes its nuclear translocation and contributes to cell death via transcriptional regulation of pro-apoptotic proteins in neural cells [63] . In this perspective, the persistence of H 2 O 2 stimulus may have induced a sustained activation of ERK1/2 protein that became "toxic" over time. This effect may cause an imbalance between pro-and anti-apoptotic signals transmitted by ERK1/2, leading cells towards injurious outcomes in single gene expressing cell lines. The observed enhanced detoxifying activity of catalase in pCX-DI-2Atransfected cells (Fig. 8 ) may prevent an excessive H 2 O 2 -mediated ERK1/2 phosphorylation and activation (Fig. 9E ), leading to resistance against apoptosis and cytotoxicity ( Figs. 3-4 ). In fact, it has been documented that the injection of catalase mediated protection against brain IRI by abolishing ERK1/2 phosphorylation and promoting Akt phosphorylation [65] .
Similarly to ERK1/2, H 2 O 2 has been reported to induce phosphorylation of p38 MAPK and JNK [64] , which have essential roles in the regulation of cellular responses, including cell survival and apoptosis [66] . Furthermore, activation of p38 has been reported to be involved in inducing the expression of antioxidant enzymes in human aortic endothelial cells [67] . We therefore investigated if the phosphorylation of p38 MAPK (p-p38) could have been modulated in pCX-DI-2Atransfected cells (Figs. 9C and F). p-p38 expression levels were significantly higher in pCX-DI-2A-transfected cells at every time points of treatment as compared to mock-transfected cells. No significant increase in p-p38 was observed in single gene-transfected cells, except for pCX-hE5NT-transfected cells after 4 h of H 2 O 2 exposure (Fig. 9F ). Furthermore, after 6 h, pCX-DI-2A-transfected cells showed almost a 2fold increase in p-p38/total p38 ratio, which was significantly higher than all the other cell types (Fig. 9F ). It has been reported that p38 MAPK activation upregulates catalase levels during H 2 O 2 treatment [68] . Consistently with this, we observed both increased p38 MAPK phosphorylation ( Fig. 9F ) and enhanced catalase activity in pCX-DI-2Atransfected cells (Fig. 8 ), suggesting a correlation between these two mechanisms.
Conclusions
The co-expression of hE5NT and hENTPD1 in pigs has been suggested to mitigate the hyperactivation of coagulation and inflam-mation that are observed in xenotransplantation models [69] . Here we showed for the first time that this new combination of genes conferred protection against the H 2 O 2 -mediated oxidative stress and cytotoxicity in porcine endothelial cells.
Furthermore, our findings further clarified the connection between the combined activity of hE5NT/hENTPD1, catalase detoxifying activity and the MAPKs signaling pathways, suggesting possible mechanisms involved in H 2 O 2 -mediated oxidative stress response in endothelial cells. In conclusion, our data add new insights to the protective effects of hE5NT and hENTPD1 against IRI and constitute a proof of concept for testing this new genetic combination in pig-to-non-human primates xenotransplantation models. 
